Abstract: The adsorption kinetics of some local anesthetics, like dibucaine and tetracaine, and of stearic acid from bulk solutions at the oil/water interface was studied by using the pendent drop and ring methods. The anesthetics were dissolved in aqueous solutions (pH 2), and the fatty acid was dissolved in benzene, each biocompound at several different concentrations in bulk solutions. Kinetic equations for Langmuir mechanism of adsorption at oil/water interface were tested. The kinetic analysis shows that Langmuir kinetic approach describes the dynamic interfacial pressures within the limits of the experimental errors over a wide range of time and for different surfactant concentrations in bulk solutions. It is also concluded that this approach allows the calculation of the ratio of the adsorption and desorption rate constants of these biocompounds at the oil/water interface. Obtained results are in substantial agreement with earlier reported data for the surfactant adsorption as well as with their molecular structure.
Introduction
The kinetic analysis of surfactant adsorption at the air/water and oil/water interfaces has attracted considerable attention in the last several decades due to its fundamental and industrial importance [1] [2] [3] [4] 25] and to its biological and medical significance [29] [30] [31] [32] [33] [34] [35] [36] . These studies have involved various experimental techniques as well as the formulation of theoretical models describing the adsorption kinetics of surfactants at liquid interfaces.
Generally, the adsorption of surfactant molecules from a solution to a liquid/gas [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] or to a liquid/liquid interface [1, 5, [16] [17] [18] [19] [20] [21] [22] [23] [24] occurs in two steps. Surfactant molecules are first transported from the bulk to the subsurface by diffusion (the subsurface is a liquid layer just below the interface, belonging still to the bulk). The second step consists of the transfer from the subsurface to the interface, implying sometimes a transfer through a potential barrier [22, [25] [26] [27] [28] . In miscellaneous systems the controlling rate may be either the diffusion (i.e. the adsorption may be diffusion controlled) or the transfer (i.e. the adsorption is barrier-controlled). Several theoretical models have been developed for both processes, as well as for mixed adsorption mechanisms in which both steps are considered [1] [2] [3] [4] [5] [6] .
Further, the adsorption kinetics of some aliphatic carboxylic acids and aliphatic alcohols [6] [7] [8] [9] , like 1, 9 nonane dicarboxylic acid and 1, 9 nonane diol [6] , was studied at the air/water interface and described by Langmuir kinetics, considering the adsorption and desorption rate constants. Another example is related to the adsorption of some salts of fatty acids, like sodium laurate [10, 11, 13] , sodium myristate [10, 11] , and sodium oleate [14] , from aqueous solutions to the air/water interface, which was analyzed by means of diffusion controlled kinetics. However, the very slow adsorption of fatty acids from oil phases to the oil/water interface has previously received only marginal attention [5] .
The main goal of this study is to focus on the experimental dynamic data for the adsorption of two anesthetics, like dibucaine and tetracaine, and of stearic acid at the benzene/water interface and to discuss the kinetic aspects of their adsorption at the same oil/water interface. The experimental data are recorded in terms of the time dependent interfacial pressures, which are also known as dynamic interfacial pressures. These interfacial pressures are also dependent of the surfactant bulk concentration and of the surfactant interfacial adsorption. An equilibrium state is reached when the interfacial pressure is constant [18, 23, 24] . The interest for these studies is recently increased due to the biological effects of these compounds on biomembranes as well as because the oil/water interface is generally considered as a model for biological membranes.
Up to now, the adsorption kinetics of these biocompounds at the oil/water interface was neglected, although, they have important roles in vivo and in different pharmaceutical processes. For instance, local anesthetics are generally used in anesthesia process but their action mechanism is not fully understood. However, the anesthesia mechanism is generally based on the molecular interaction of anesthetics with biological membranes and several properties of plasma membranes seem to be modulated by anesthetics, such as the lipid membrane structure [30] [31] [32] [33] [34] [35] [36] [37] . On the other hand, stearic acid is a fatty acid widely used in model biomembranes [29] [30] [31] [32] as well as in Langmuir-Blodgett films due to its increased stability in monolayers at fluid interfaces [38] [39] [40] .
The understanding of the adsorption kinetics of these biocompounds at fluid interfaces is important for the description of their dynamic surface properties. This is not only an interesting problem in basic research with biomedical implications, but also very important for fabricating stable, homogeneous and ordered molecular films.
Kinetic theory of adsorption
Adsorption kinetics of a surfactant from the bulk solution to a clean (pure) interface, without convection currents in the liquid [41] , is described by the Ward and Tordai's diffusion [5, 8, 12, 16] equation:
where Γ represents the dynamic adsorption of a biocompound at the time t, D is the diffusion coefficient (of the biocompound in the liquid bulk phase where it is soluble), π equals 3.1415, c 0 represents its bulk concentration far from the interface, c s is its subsurface concentration, and τ is a variable ranging from zero to t. Since the subsurface concentration c s is unknown, Eq. (1) is not suitable alone to predict the adsorption with time. Frequently, one assumes a local equilibrium between the interface and the subsurface, which represents the adjacent layer only a few angstroms away from the interface and still belonging to the bulk phase.
In our cases it is found that experimental data cannot be understood by a simple diffusion and one must drop the boundary condition of local equilibrium [6, 7] , and replace it by Langmuir kinetic approach [8, 42] of the following form:
where k 1 and k 2 are the rate constants for the adsorption and for the desorption processes, respectively, and Γ ∞ represents the maximum adsorption for the saturation of the liquid interface with biocompound molecules. Eq. (2) is valid also at equilibrium, when dΓ(t) dt = 0, Γ(t) = Γ e and c s = c 0 . With these conditions Eq. (2) yields:
For some cases, with biocompound concentrations high enough, a diffusion equilibrium can be thought to be established, involving c s = c 0 . In this case [6] , a combination of Eqs. (2) and (3) results in:
where k is the rate constant.
Integration of Eq. (4) yields:
with ∆Γ = Γ − Γ e , ∆Γ 0 = Γ 0 − Γ e , where Γ 0 stands for the adsorption at t = 0, i.e. Γ 0 = 0. If the increase of adsorption is proportional to the decrease of interfacial tension, Eq. (5) may be written as: ∆σ = ∆σ 0 e −kt (6) or in a logarithmic form:
where σ, σ e and σ 0 stand for the actual dynamic interfacial tension, for the equilibrium interfacial tension, and for the interfacial tension in the absence of the surfactant, respectively. These equations derived for the Langmuir kinetic mechanism are considered in more detail in the followings. For the beginning Eq. (7) has been tested in the case of the two anesthetics, viz. dibucaine and tetracaine, and of stearic acid.
Material and methods
Biocompounds used were two local anesthetics: dibucaine (2-butoxy-N-[2-(diethylamino) ethyl] -4 -quinoline carboxamide hydrochloride) and tetracaine (4-butyl amino benzoic acid 2-(dimethyl amino) ethyl ester hydrochloride) and a fatty acid, namely stearic acid (octadecanoic acid); all synthetic commercial products of high purity (minimum 99 %) were purchased from Sigma. The purity of biocompounds was checked by thin layer chromatography and they were used without any additional purification.
As oil phase, benzene pro-analysis was used and it was purchased from Merck. We measured the interfacial tension as a function of time for the pure benzene/aqueous solutions of pH 2 interface and a time independent value was recorded. Thus, benzene did not contain surface active contaminants and, consequently, it was used without additional purification. Twice-distilled water of pH 2 was used, containing 0.01 mole/dm 3 of hydrochloric acid. The water had a resistivity of at least 18 Mohm cm and a surface tension at the interface with air of 72 mN/m at 25
• C. In order to study the adsorption of the three biocompounds at the same liquid interface, the benzene/water of pH 2 systems were chosen. In the case of stearic acid, at pH 2, its adsorbed monolayer is an uncharged one, the molecules being completely unionized [29, 31] , and insoluble in water phase [29] . On the other hand, dibucaine and tetracaine may exist in three forms [37] uncharged (free base) and charged ones, i.e., monocation (mono-protonated) and dication (diprotonated) molecules. The calculations show at pH 2, that the dibucaine is almost in mono-protonated form, and the tetracaine is a mixture of monocation (45 %, mono-protonated) and dication (55 %, di-protonated) molecular species [37] . For the systems with anesthetics, the molecular species existing in aqueous solutions of pH 2 are completely insoluble in the bulk benzene phase. The pH of the aqueous solutions was constant during all experiments and it was measured by using an MV-84 type pH-meter with a glass electrode.
Dynamic interfacial tensions in the time range from 1 minute up to 90 minutes were measured by pendent drop and by ring methods for the following systems: aqueous solutions (pH 2) of various anesthetic concentrations at the interface with pure benzene and benzene solutions of various stearic acid concentrations at the interface with water of pH 2. Therefore, due to the very low solubility of anesthetics in benzene and of stearic acid in water of pH 2, any transport across the benzene/water interface can be neglected.
The pendent drop technique was described by us elsewhere [23] . The shape of drops was recorded on a high quality film in order to determine the characteristic drop diameters. By using a computer program the dynamic interfacial tensions were determined. These values were finally transformed into the dynamic interfacial pressures by subtracting the actual interfacial tensions from the interfacial tension of the pure interface in the absence of surfactants.
Experimental data obtained by the pendant drop technique were compared with the data obtained by ring method, which was described by us previously [24, 32, 43, 44] . The agreement between the two methods is good and the deviations do not exceed the error of the individual method. The accuracy of the interfacial tension or the interfacial pressure measurements was ± 0.1 mN/m, in agreement with literature data [20, 42] . All measurements were performed at constant temperature of 20 ± 0.1
• C.
Results and discussion
Dynamic interfacial tension σ(t) values obtained experimentally allowed us to calculate the corresponding Π(t) = σ 0 − σ(t) interfacial pressure values. The Π(t) versus time (t) curves, characterizing the adsorption process of the three biocompounds investigated from bulk phase to the benzene/ water (pH 2) interface are presented in Figs. 1-3. As can be seen, the interfacial pressures vary with surfactant bulk concentrations and with time over a wide range of time, from 0 to 15 min for local anesthetics and from 0 to 90 min for stearic acid. Generally, the equilibrium interfacial pressures (Π e in mN/m) are recorded at 30 min for anesthetics and at 120 min for stearic acid when the adsorption equilibrium is completely attained and it is demonstrated by the constant value of the interfacial pressures.
The validity of the Langmuir kinetic approach, given by Eq. (7), has been tested by calculating the left hand side of this equation, by using the σ(t) and σ e values (the latter ones being measured at 30 min for the two anesthetics and 120 min for stearic acid) and the interfacial tension of the pure benzene/water interface in the absence of surfactant was taken σ o = 34.7 mN/m under the chosen experimental conditions. In order to explore Eq. (7), the logarithmic function versus t was investigated and it was found that it exhibits a quite good linearity as it is shown in a few examples given in As it can be seen in Fig. 4 , the straight lines do not pass through the origin of the coordinate system, and in reality Eq. (7) is of the following form:
By performing a linear regression, the parameters a and k have been determined. Results are presented, together with the correlation coefficient (r), in As shown in Table 1 , the a values are different from zero, particularly for stearic acid. This means that the basic hypothesis used for deriving Eq. (7) is an approximation and it is not perfectly valid, presumably because the diffusion equilibrium is not completely established and the boundary condition c s = c 0 is not yet fulfilled. Nevertheless, from the k values reported in Table 1 , some conclusions can be drawn. As seen, with increasing surfactant bulk concentrations c 0 the k values derived increase. This effect is expected on the basis of the Eq. (3) written in the following form:
and the k values versus c 0 exhibit an acceptable linearity. Fig. 5 The k values versus c 0 (described by Eq. (9)) for the two anesthetics, dibucaine (curve 1) and tetracaine (2).
Fig. 6
The k values versus c 0 (given by Eq. (9)) for the adsorption of stearic acid at the benzene/water interface.
To illustrate this situation a few examples are given for the two anesthetics (Fig. 5 ) and for stearic acid (Fig. 6 ). The relative k 1 /Γ ∞ and k 2 /Γ ∞ rate constant values and the corresponding correlation coefficients are presented in Table 2 . The analysis of data given in Figs. 5 and 6 and of data recorded in Table 2 shows a quite good validity of Eq. (9). The relative k 1 /Γ ∞ and k 2 /Γ ∞ rate constant values are rather reasonable and their ratios are in good agreement with published data [6] [7] [8] for the adsorption of different surfactants at fluid interfaces.
From Table 2 , one can observe that the k 1 /Γ ∞ value for dibucaine is higher than the k 1 /Γ ∞ value for tetracaine, pleading for an adsorption barrier (i.e. an activation energy of adsorption) for dibucaine smaller than the corresponding one for tetracaine. This finding is supported by the fact that the dibucaine is monocationic while tetracaine is a mixture of monocationic (45 %) and dicationic (55 %) forms, under the given working conditions. Therefore, it becomes clear that the electrostatic repulsion between the ionized polar groups mainly represents the barrier to the adsorption of the new arrival molecules.
Referring to the relative desorption k 2 /Γ ∞ rate constants, their values are sensibly close to each other for anesthetics. It is found, therefore, that the desorption barriers are almost equal for both anesthetics and independent on the hydrocarbon chain length, the chain being longer for dibucaine than for tetracaine. Apparently, the adsorbed monolayers of anesthetics at the oil/water interface desorb at almost the same rate, practically independent of the ionic molecular species existing within the adsorbed monolayers. It is interesting to compare the k 1 /k 2 ratios, given also in Table 2 . These ratios represent the equilibrium adsorption constants, which are dependent on the adsorption energies and they are not dependent directly on the adsorption barriers. The equilibrium constants characterize the interfacial activity of these biocompounds at the oil/water interface. In this respect, the k 1 /k 2 value for dibucaine is higher than the corresponding value for tetracaine suggesting a higher interfacial activity of the dibucaine in excellent agreement with the interfacial pressure measurements at the oil/water interface.
Generally, the relative rate constant values (Table 2 ) for anesthetics are much higher than those corresponding to stearic acid. These values are not easy to compare because the mechanism of adsorption and desorption of these two types of biocompounds (i.e. anesthetics and fatty acids) is completely different and consequently the rate constants are determined by different factors.
Regarding anesthetics, the molecules adsorb from water to the oil/water interface by penetration of their hydrophobic chains into the oil phase. Their adsorption at the oil/water interface is controlled by the hydrophobic effect, i.e. the increase of entropy due to the destruction of the ordered layers of water molecules around the adsorbed alkyl chains. Contrarily, stearic acid molecules adsorb from oil phase to the oil/water interface by immersing their unionized polar groups into the water phase. The driving force for the adsorption of stearic acid molecules is the gain in enthalpy due to the hydration of their adsorbed hydrophilic groups.
Further, a few remarks can be made in the case of stearic acid, which adsorbs from oil to the oil/water interface. In a first approximation one can assume that the adsorption energy and the desorption barrier are close in magnitude to the energy of the transfer of the polar head group of stearic acid molecule from the oil phase into the water phase. In this situation, because the hydrocarbon chain remains in the oil phase, the adsorption barrier is expected to be small but it cannot be ruled out completely. However, for a more detailed analysis, one needs an additional parameter characterizing the state of the adsorbed molecules at the fluid interface. This was done by introducing the effect of molecule orientation at the fluid interface [6, 44, 45] . Presumably, the adsorption barrier is, to a certain extent, due to the long saturated hydrocarbon chain that must undergo a great number of conformational transitions to allow the polar head group of stearic acid to adopt a proper orientation and penetrate into the oil/water interface.
In spite of the different mechanism for adsorption, one still expects that the features of adsorption behaviour of anesthetics and of stearic acid would be similar as recently reported for the adsorption of various hydrophilic and hydrophobic surfactants at the oil/water interface [45] . In this respect, our biocompounds show high interfacial activity (i.e. the increase of interfacial pressure versus surfactant concentration) when they adsorb to the oil/water interface from water phase (e.g. anesthetics) or from oil phase (e.g. stearic acid). Nevertheless, both types of biocompounds, i.e. anesthetics and stearic acid, spontaneously adsorb at the oil/water interface leading to the decrease of the free energy of the system.
As shown in Table 2 , the relative desorption rate k 2 /Γ ∞ constants from monolayers of ionized anesthetics molecules are much higher than the corresponding value for monolayers of non-ionized stearic acid molecules at the same interface benzene/water of pH 2. At least in part, this finding is plausible because at high interfacial pressures at the saturation of monolayers, the charged molecules desorb faster being expelled from monolayers by the high lateral pressure and being loosed from adsorbed monolayers of ionized anesthetics molecules due to the repulsive interaction forces.
Conclusions
The adsorption and desorption rate constants for the three biocompounds, studied at the benzene/water of pH 2 interface, are calculated by Langmuir kinetic approach Eq. (9) . The rate constants are in good agreement with literature data [6] [7] [8] and with the molecular structure of these biosurfactants, namely, dibucaine, tetracaine and stearic acid. It is also found that the adsorption rate constant depends on the nature of the bulk phase where the biocompound is soluble. It appears that the long time effects recorded for the adsorption of these biocompounds at the oil/water interface can be reasonably understood by the Langmuir kinetic approach.
The kinetic constants are higher for the local anesthetics (i.e., dibucaine and tetracaine) than the corresponding ones for stearic acid. The k 1 /k 2 ratio for the adsorption of dibucaine and tetracaine from water phase at the benzene/water interface is also higher than that corresponding to the adsorption of stearic acid from benzene at the same oil/water interface. This might be due to the large flexibility of the stearic acid long molecule with a saturated chain that undergoes a great number of conformational transitions and a terminal carboxylic polar group that may reorient at the oil/water interface and form aggregates both in bulk oil solutions and within the adsorbed layers at the interface.
Further, an extension of the present Langmuir kinetic approach is under study, in order to describe the adsorption kinetics of these biocompounds at the oil/water interface in the presence of bulk diffusion coupled with interfacial molecular reorientation processes [44] .
These type of studies are of considerable importance for biophysical and chemical characterization of anesthetics and fatty acids adsorbed at the liquid interfaces allowing a deeper interpretation of their adsorption mechanism. Nevertheles, the adsorption behavior of biocompounds plays an important role in biomedical research and in drug delivery systems.
